Introduction
Rice is an extremely versatile crop which can grow under a range of water regimes (in dry-and wetland conditions) and temperatures (at low and high altitudes and latitudes) (Seck et al., 2012; Saito et al., Chapter 15, this volume) . The various rice environments are characterized mainly by the main source of water for the plantfor example, rainfall (direct rainfall and/or inflow), irrigation (water controlled through a system of canals, etc.), water table, uncontrolled flood water, and sea/brackish water. This has led to the distinguishing of rainfed upland, rainfed lowland, irrigated upland, irrigated lowland, mangrove-swamp and deep-water environments. Taking other environmental factors into account, a more detailed classification of rice environments is possible; for instance, 'high-altitude rainfed upland rice' versus 'low-altitude rainfed upland rice' (see Saito et al., Chapter 15, this volume) . Figure 3 .1 depicts in a schematic manner the three major rice-growing environments in Africa: upland (excluding hydromorphic fringes, see below), rainfed lowland (inclusive of hydromorphic fringes) and irrigated lowland (WARDA, 2004) .
Within each environment, rice is produced as part of a wide range of production systems (Saito et al., Chapter 15, this volume) . The heterogeneity and the close interaction of rice production with other farm and off-farm activities highlight the need for technical components that can be readily used by producers to build more integrated production systems. The search for greater integration is above all a search for greater resource use efficiency through the creation of positive interactions within rice production systems, and between rice and other farm and non-farm activities. Seen in this way, the focus on integrated production systems encompasses many of the concerns associated with natural-resources management.
Country-based information on potential and actual rice cultivation areas in each rice environment is useful to prioritize rice research and development because of the differences in farming practices and productivity among environments. In this chapter, we estimate actual rice cultivation areas and farming population by rice environment in Africa as of 2009, based on survey data and secondary data from country publications and FAOSTAT (2012) .
Methodology
The level of detail in the information available on rice cultivation areas in Africa varies among countries. Estimates of total annual rice harvested area are provided by FAOSTAT (2012) for most rice-producing countries in Africa. The United States Department of Agriculture (USDA) provides similar statistics for many African countries. Unfortunately, these total area estimates are not disaggregated by rice-growing environment.
1 Here, we use farm-household survey data from the rice statistics survey conducted by Africa Rice Center (AfricaRice) and its national (NARS) partners in 2009 (AfricaRice, 2010 to estimate the total cultivated rice area by rice-growing environment in Africa.
2 Because Water management continuum of differences in the classification of rice-growing environments between countries, we use four environments in our study: irrigated, (rainfed) upland, (rainfed) lowland and 'other'. All ricegrowing environments found in the countries and described using different terminologies which may vary from one country to another were reclassified into these four environments in order to obtain consistent estimates and meaningful comparison across countries (Table 3 .1). For the purpose of the estimation, we classified the countries into four groups on the basis of the source of the data used to do the estimation (see Table 3 .2 for the country groupings).
In the first two groups of countries (Table 3. 2), the estimations of total rice area and number of farming households were based exclusively on data from the rice statistics survey database. For the first group, the data includes the population inflation weights used to obtain the nationallevel estimates from the sample estimates of the average total household rice area by environment and the distribution of rice-farming households by rice environment (see Appendix for details). These survey population weights 3 are missing from the survey data for the second group of countries. To obtain the national values from the sample estimates for the second group of countries, we used total national rice area from the 2009 rice statistics divided by the average household rice area to derive the total number of rice-farming households in the country. From this estimate and the average rice area by environment, we used the sample distribution of rice-farming households by rice environment to obtain estimates of the total number of ricefarming households and total rice areas by environment per country.
The third group comprises seven country members of the Coalition for African Rice Development (CARD), which were also part of the 2009 rice statistics survey. These countries also had missing survey population extrapolation weights. In addition, these countries did not have estimates of total rice cultivated area in their country reports. Thus, we used the information on rice area and production by rice environment for 2008 available in their National Rice Development Strategies (NRDS) and followed the same estimation procedure as for the countries in the second group. Countries in the fourth group are the remaining rice-producing countries in Africa which were not covered by the 2009 rice statistics survey. 4 For this group, we first used the 2009 rice statistics survey data of the first three groups of countries and the GIS coordinates at the third level of administrative sub-division in the country to estimate a spatial forecasting model based on the universal kriging interpolation method (Calder and Cressie, 2009) . We then used the estimated model parameters to predict the average total household rice area and proportion of rice-farming households in each rice-growing environment for all the countries in the fourth group. And, finally, we used the 2009 total country rice harvested areas from FAOSTAT (2012), which we multiplied by the predicted averages and proportions to estimate the total rice area and number of rice-farming households in 2009 for each rice environment for each country in this fourth group (see Appendix for more details).
Rice yields per rice environment were estimated for countries covered by the 2009 rice statistics survey (Groups 1, 2 and 3). These yields were obtained by dividing total rice production by the total rice-cropped area of the household.
Results
The estimated rice areas disaggregated by country and by rice environment are shown in Table  3 .2. The estimated total number of rice-farming households by rice-growing environment are presented in Table 3 .3, but will not be discussed as the trends are the same as for the area estimates. The total rice area harvested in Africa in 2009 is estimated at 9,942,974 ha. Countries with high total rice areas (500,000 ha or more) are Nigeria (1,895,697 ha), Guinea (1,005,822 ha), Madagascar (1,183,614 ha), Côte d'Ivoire (968,271 ha), Tanzania (942,438 ha), Mali (644,867 ha), Sierra Leone (599,517 ha) and Egypt (575,468 ha). The disaggregation by rice environment shows rainfed lowland (3,748,292 ha) and upland (3,231,102 ha) to be the dominant environments with 38% and 32% of the total rice areas, respectively. The total area under irrigation is estimated at 2,594,608 ha, which represents about 26% of the total rice area on the continent. The other rice-growing environments are estimated to occupy only 4% of the total rice area.
The total cultivated rice area estimated for 2009 in this study is 4.5% higher than the estimated 9,514,792 ha for 2008 (Seck et al., 2012) . This may be due to differences in the reference years or that Seck et al. (2012) used a different methodology to estimate the total area.
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When the estimates from the two studies are compared country by country, the most important increases in the estimated total rice areas are for Côte d'Ivoire (568,271 ha, +142%), The Gambia (45,510 ha, +134%), Cameroon (55,772 ha, +112%), Mozambique (72,820 ha, +66%), Senegal (48,982 ha, +39%), Mali (162,315 ha, +34%) and Tanzania (232,437 ha, +33%). Substantial decreases in the estimated total rice area are also recorded in three of the major rice-producing countries in Africa: Sierra Leone (400,483 ha, -40%), Nigeria (486,304 ha, -20%) and Egypt (169,923 ha, -23%). Table 3 .4 presents average paddy rice yield per rice environment as obtained from the survey data of countries in Groups 1, 2 and 3. These yields were obtained at the household level by dividing total household rice production by total household rice-cropped area and then averaged across the country.
Highest country average household rice yields (per season) were in Rwanda, Mali, Cameroon, Senegal and Nigeria. These relatively high yields are due to the high yield in irrigated growing environment, except for Nigeria and Cameroon where lowland yields exceed irrigated ones. The highest national average yields were recorded in Rwanda (4.43 t/ha), Mali (4.01 t/ha) and Senegal (3.90 t/ha) for irrigated environments and in Cameroon (3.20 t/ha) and Nigeria (3.02 t/ha) for lowlands. Countries with lowest rice yields across rice environments include the Central African Republic, the Democratic Republic of Congo and Sierra Leone. Table 3 .5 gives estimates for rice yields in irrigated environments in the Sahel-savannah and sub-humid agroecological zones. Sahel-savannah irrigated zones occur throughout The Gambia and Mali, and in the extreme north of Benin; the Sahel The yield for all countries in Groups 1, 2 and 3 is the average country yield weighted by the estimated area per country. n, sample size matching the criteria; SD, standard deviation; -, not applicable.
Notes
1 Balasubramanian et al. (2007) provide estimates of country total rice areas disaggregated by rice-growing environments. 2 The estimation methodology is detailed in the Appendix. 3 'Survey population weights' are coefficients associated with sampled units which are used to extrapolate from the sample to the whole population of farmers. In essence, the coefficient gives the number of farmers represented by each sample farmer. 4 Liberia and Mozambique, which are included in this group, were covered by the 2009 rice statistics survey, but data analyses were not conducted. 5 Seck et al. (2012) used a simpler procedure to estimate the distribution of total rice area by rice-growing environment for these countries: the percentage distribution of area by environment of a similar neighbouring country for each country of this group in combination with the estimated total rice area in 2008 for that country as given by FAOSTAT (2012).
Appendix 3.1 Methodology for Estimating Total Rice Cultivated Area by Rice-growing Environment
In this appendix we describe the methodology used to estimate a country's total cultivated rice area and number of rice-farming households in 2009 by rice environment. The estimated total area for the whole continent was obtained by aggregating the country estimates. For a country with a population of farmers (i.e. farming households) of size N and J rice environments each with N j number of rice farmers, let a ij denote the total rice area in environment j of a farmer i and d ij be a dummy binary indicator taking the value 1 if the farmer grows rice in environment j and zero otherwise, i = 1, . . . ,N and j = 1, . . . ,J. Let also A j denote the country's total cultivated rice area in environment j, f j the proportion of farmers in the country growing rice in environment j and aj the average total household cultivated rice area in environment j. Then we have for j = 1, . . . average of the total household rice area under environment j. We estimate N, the total number of ricefarming households in the formulae above, by dividing the total cultivated rice area obtained from the 2009 survey country reports (for the second group) and the NRDS (for the third group) by the sample average of total household rice area across all rice environments. In the 2009 rice statistics survey, the area information was collected for all of the plots of each household. Unfortunately, the information on the rice environment of each household plot was not collected. Instead, the rice environment information was collected at the household level by asking the household to indicate by order of importance all the environments where it was growing rice. Hence, we cannot know the a ij quantities in the formulae above from the rice statistics survey data. Only the d ij quantities are available from the rice statistics survey. This makes it impossible to estimate A j from the formulae above. To circumvent the problem of non-availability of the rice-growing environment-specific household cultivated area variables, we use the household-level rice environment information and the total household cultivated rice area a a i j J ij = = å 1 , which can be computed from the rice statistics survey data (since the information on the size of each household rice cultivated plot was collected) and proceed as follows. . The reality is very close to these two conditions as the vast majority of African rice farmers generally grow rice in small plots located in the same environment (Seck et al., 2012) . This turned out to be overwhelmingly the case in the 2009 rice statistics survey data, where less than 10% of farmers grew rice in more than one rice-growing environment. Moreover, this percentage becomes insignificant after grouping the various rice-growing environments into the four major environments ( 
Spatial interpolation: kriging
} be a spatial process specified as follow: Z s = m(s) + X s where m(s) = E(Z s ) < ∞ is the trend of the process and X s = (Z s − E(Z s )) the fluctuation (Calder and Cressie, 2009 ).
Let {s i : i = 1,...,n} be the geostatistical data, i.e. a set of known locations of the process: s i = (x i , y i ) with x i being the longitude and y i the latitude at location s i . For this chapter, s i represents data points at the third sub-division level for Benin, Burkina Faso, Cameroon, CAR, Côte d'Ivoire, Guinea, Kenya, Rwanda, Sierra Leone, Togo and Uganda. The second sub-division was used for DRC, The Gambia, Ghana, Madagascar, Nigeria and Tanzania, whereas the first sub-division level was used for Mali and Senegal according to the availability of data. For countries of the fourth group, we randomly selected within each country 25 locations where further predictions will be made. In total, n = 695 locations were obtained from the above cited 19 countries on which models are based to predict values at the other 850 locations where no data are available. The country predicted value is the average value of the predicted values at sampled locations.
The mean part of the model can be specified as a function of given covariates and/or coordinates, but we specified it as a polynomial function of the coordinates: The range is the longest distance with correlated values of the process; the nugget effect represents the semivariance of the process on microscale, i.e. very close to 0 (Kastelec and Košmelj, 2002) and the sill is the maximum semivariogram value. The range, nugget effect and sill parameters were estimated by maximum likelihood using the package geoR (Ribeiro and Diggle, 2001) . We used this spatial interpolation method to predict the proportion of rice-farming households in irrigated, upland and lowland environments (the proportion of farmers in other environments, where applicable, is deduced from the first three) and the average total household area in each of the four environments for each country of the fourth group.
Note
1 We note that W N n i = for a simple random sample. But most countries have used a two-stage stratified random sampling procedure (see AfricaRice, 2010 , and the country reports cited therein for details of the countries' sampling procedures and survey populations).
